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Abstract
Ageing is a continuum of biological processes characterized by progressive adaptations which can
be influenced by both genetic and physiological factors. In terms of human maturation, physically
and cognitively functional centenarians certainly represent an impressive example of successful
healthy ageing. However, even in these unique individuals, with the passage of time, declining
lung function and sarcopenia lead to a progressive fall in maximal strength, maximal oxygen
uptake, and therefore reduced exercise capacity. The subsequent mobility limitation can initiate a
viscous downward spiral of reduced physical function and health. Emerging literature has shed
some light on this multi-factorial decline in function associated with aging and the positive role
that exercise and physical capacity can play in the elderly. Recognizing the multiple factors that
influence ageing, the aim of this review is to highlight the recently elucidated limitations to
physical function of the extremely old and therefore evaluate the role of exercise capacity in the
health and longevity of centenarians.
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1. Introduction
Unveiling the ‘secret’ of human longevity is undoubtedly one of the most intriguing
challenges for the scientific community. Certainly, genetic factors are amongst the
determinants of successful ageing, however, an active lifestyle, especially regular exercise,
is also a positive contributor [1–4] and has been recognized as such for quite some time.
Indeed, in 44 BC Marcus Tullius Cicero, a Roman philosopher, reported in the XXXIV
paragraph of the Cato Maior de Senectute, “Potest igitur exercitatio et temperantia etiam in
senectute conservare aliquid pristini roboris” which translates to, rather profoundly for this
early period in human history, ‘Even in old age exercise and moderation can preserve
something of young vigour’ [5]. It is now clearly apparent that a decline in specific physical
characteristics such as maximal strength, maximal oxygen uptake, and reduced exercise
capacity can initiate a viscous downward spiral of reduced physical function and health.

In terms of human maturation, physically and cognitively functional centenarians represent
an impressive example of successful healthy ageing. In fact, some would argue, and perhaps
correctly so, that people of 100 years of age and beyond represent the best example of
successful human aging as they live ~50% longer than the world average. Although human
functional independence and health undoubtedly decline progressively with advancing age, a
significant percentage of centenarians maintain some level of independence and are able to
perform the basic activities of daily of life [6]. To our knowledge, the first document that
identifies the determinants of longevity in centenarians is a manuscript published in 1899
and authored by T.E. Young. It was aptly entitled: ‘On centenarians and the duration of the
human race’. Interestingly, more than 100 years ago factors such as moderation, genetics,
and physical activity were already being methodically documented as contributors to the
longevity of centenarians: ‘The majority of centenarians were moderate or small eaters …
took but little animal food or alcohol … had experienced few illnesses during their life-time
… and as a rule the records showed that outdoor exercise and early rising constituted
important factors’ [7].

While living to an age of 100 years is not a new phenomenon, it was far less frequent in the
relatively recent past. Indeed, in western countries, the number of centenarians is growing at
the rapid rate of approximately 8% per year, while, to put this in perspective, the worldwide
population is only growing at a rate of 1% per year [8]. Significant improvements in the
quality of life and advances in medicine in the last half century have, at least in part,
influenced this growth in the centenarian population. Such medical advances are particularly
important because centenarians die as a consequence of disease and not because of ‘old age’,
as commonly assumed, with the majority of centenarians presenting with chronic co-
morbidities even if they are considered otherwise healthy [9]. However, centenarians,
despite great variability in terms of health, cognitive function and independence [10], have a
better pathological profile than the majority of their elderly, but still much younger,
counterparts who are likely not to survive to the age of 100 years. Although epidemiological
studies agree that regular exercise appears to positively enhance health and independence in
centenarians, it was not until recently that direct assessments were made of what limits their
physical function, facilitating an examination of the role of exercise capacity in the health
and longevity of this population. Therefore, considering the multiple factors influencing
successful ageing, the aim of this review is to describe the physical capacity of extremely
old individuals and to evaluate how exercise impacts the health and longevity of
centenarians.
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2. Inspirational examples of human longevity and more typical experiences
with extreme ageing

Although certainly in the minority, some centenarians maintain a standard of physical
capacity commensurate with continued professional activities, and therefore it is now
possible to find some centenarians that continue to work as managers, artists, scientists, and
politicians. An example of the latter being the Nobel Prize winner Dr. Rita Levi-Montalcini
who, at the age of 103, in 2012, is a senator for life in the Italian Parliament [11]. There are
also longevous individuals whose functional capacity allows them to continue to participate
in challenging sporting events such as Mr. Fauja Singh, who, in 2011, as a centenarian
completed a marathon in Toronto, Canada, in 8 h and 25 min [12]. However, despite these
rare and rather inspiring examples of successful ageing, the reality is that several
epidemiological studies [6,10,13–17] have revealed that only ~16% of centenarians have the
physical capacity to independently perform the activities of daily living, with the majority
being partially or totally dependent (Fig. 1; Panel A). Moreover, age-related cognitive
dysfunction also plays a significant role in centenarians, with a combination of data from 3
epidemiological studies [10,14,18], indicating that only 6% of centenarians display
completely preserved cognitive function (Fig. 1; Panel B). This diminished cognitive
function in the very old is clearly an important and widespread issue that likely interacts
significantly with physical function and the potential role that exercise can play in the health
of this population, but is beyond the scope of this review.

3. Physical capacity, ageing, and longevity
Many factors including genetics and quality of health care combine to yield longevity,
however, the important components of a healthy life-style, such as maintaining exercise
capacity, is certainly important [1]. Indeed, the capacity to limit age-related diseases has
been proposed as one of the mechanisms responsible for successful aging in extremely old
subjects [19], and maintaining exercise capacity and subsequently physical function likely
plays a significant role in this process. Exercise capacity, defined by maximal oxygen
consumption (VO2max) in response to a graded exercise test, is a strong predictor of health
and independence in older adults [20] and has been documented to decline by 10–15% per
decade between the ages of 50 and 75 years [21]. Indeed, there is a strong association
between ageing, independence, and maximal aerobic capacity; thus, understanding the
physiological basis for the decline in VO2 with age has clear practical significance in terms
of identifying the means by which the capacity for an independent lifestyle can be
maintained [22].

The potential physiological limitations to maximal exercise are many, with deep rooted
arguments about the role of oxygen supply and demand [23,24], however all agree that the
crucial journey that oxygen makes from air to muscle cells commences in the lung. With
progressive age, there is significant decline in lung function, due predominantly to a loss of
elastic recoil [25]. This increase in lung compliance with age results in reduced maximal
expiratory flow rates and an increase in resting functional residual capacity [26]. During
exercise this translates into marked mechanical ventilatory constraints and increased
ventilatory requirement in the 9th and 10th decades of life [27]. Thus, due to these
mechanical challenges, the strategy used to achieve an exercise-induced increase in
ventilation differs between the young and the old with the very elderly being likened to
patients with chronic obstructive pulmonary disease (COPD) [27].

Certainly the decline in maximal exercise capacity with ageing is caused by many factors
and not all factors contribute equally over the lifespan, however there is considerable
evidence that blood flow and progressively attenuated vascular function play a significant
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role. Indeed, studies suggest that declining muscle blood flow [28], decreased maximal
cardiac output [29], and potentially a maldistribution of that cardiac output, contribute
significantly to the of age-related decline in VO2 between the 5th and 8th decades of human
life. The interface between the vasculature and skeletal muscle, the capillary bed, the site for
the diffusion of oxygen from the red blood cells to muscle mitochondria, is also a major
factor in determining VO2 [30]. Thus, a declining muscle-diffusing capacity likely
contributes to the reduction in VO2 with ageing. However, a definitive conclusion must be
tempered by some reports that indicate that the number of capillaries around a fiber does not
decline with ageing [31,32].

Skeletal muscle itself, toward the end of the oxygen cascade, determines oxygen demand
and therefore has the potential to tremendously impact exercise capacity. Aging is associated
with sarcopenia, the etiology of which is not well understood, but is likely related to age-
related alterations in the nervous system, the hormonal milieu, nutrition, and physical
activity which speed the loss of muscle mass [33]. Indeed, thigh muscle volume is typically
reduced 24–27% between the second and seventh decade [34] and this decline in muscle
mass and lower limb power correlates well with quality of life and activities of daily living
(ADL) in the elderly [35]. Interestingly, there is evidence that sarcopenia is muscle fiber
type specific, with type II fibers being more susceptible to atrophy than type I fibers [36].
Specifically, Lexell et al. [36] revealed that the type II fibers of 80-year-old subjects were
~26% smaller than 20-year-old controls, while type I fibers were not different in size. This
age-related loss of fast motor units (type IIA and IIX fibers) causes a progressive shift
toward a slower phenotype [37], which, although, as of yet, not definitively associated with
the aging process, could conceivably result in improved mechanical efficiency [38].
Additionally, although studies have documented an overall reduced mitochondrial volume
with ageing [39], there are contradictory results in the literature on the effects of ageing and
mitochondrial oxidative capacity [40,41].

4. Physical function and centenarians
Insight into the effect of ageing on maximal exercise capacity can be achieved by studying a
successful model of human ageing, such as centenarians. Indeed, when the factors that
appear to have been beneficial to centenarians are evaluated, regular physical activity seems
to be the most important lifestyle behavior that positively influences chronic disease risk
factors. For example, a recent cross-sectional epidemiological study by Ozaki et al. [13]
found that the level of independence, lifestyle, and health of Japanese centenarians (566
men, 1341 women) were significantly correlated with the level of physical activity.
Specifically, the capacity to escape or delay cardiovascular impairment associated with
ageing has been proposed as one of the mechanisms that may help to explain successful
ageing in centenarians [19].

In the Georgia Centenarian Study [16,18], maximal knee extension and handgrip strength,
indicators of physical capacity, were measured in a cohort of 153 centenarians. Interestingly,
using these measures, the effect of extreme longevity was documented to reverse the
standard ratio of maximal force between the lower and upper limbs. Specifically, in a prior
study in young healthy subjects, Samson et al. [42] revealed that maximal quadriceps
strength was 43% higher than the maximal strength of the forearm muscles and that the age-
related rate of decrease in maximal quadriceps strength was more pronounced than in the
upper limbs, such that at 80 years old this difference was reduced to 27%. Following this
trend, but suggestive of a much greater trajectory with increased age, additional data
reported by Davey et al. [18] indicated that maximal quadriceps strength was actually 33%
less than maximal handgrip strength in 27 male centenarians and 22% less in 126 of their
female counterparts. Therefore, it seems that the rate of decline in maximal quadriceps
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strength decreases dramatically from 80 to 100 years old, while, in contrast, the tendency for
forearm strength to decline is less remarkable. In agreement with this interpretation,
previous studies have documented that the age-related decrease in limb mass is greater in the
lower limbs (~15%) compared to the upper limbs (~10%) [34]. Also likely contributing this
phenomenon, is the recognized greater loss of motor units in the lower compared to the
upper limbs with age [43]. Therefore, although the reasons for this difference are currently
unclear, an additional undeniable factor is that, even in completely independent older
subjects, locomotor based physical activity is significantly reduced with old age and the
greater decrease in muscle mass in the lower limbs might simply be the result of reduced
use.

Of significant importance in terms of exercise capacity and centenarians, in the only study to
directly assess graded whole body (cycle) exercise in Centenarians, our group [44] revealed
that Centenarians have a significantly attenuated oxygen cost for a given absolute work rate.
As expected, young controls had a typical slope of oxygen utilization of 9–11 ml/O2/W, but,
remarkably, used the same amount of oxygen at 15–20 W as the centenarians did at their
maximum work rate of 35 W (Fig. 2A). It was speculated that this increased skeletal muscle
work efficiency exhibited by healthy centenarians is primarily due to the loss of fast motor
units in the lower limbs. Specifically, selective sarcopenia might contribute to a positive
effect on mechanical efficiency, and therefore on the oxygen cost of performing work, by
resulting in a slower muscle fiber phenotype [38]. Such an improvement, or selection
process, which results in improved mechanical efficiency with extreme age has important
implications for functional capacity as this means that the amount of work that centenarians
can achieve within their much-attenuated scope of aerobic capacity is greatly enhanced.

In this same study [44], we assessed pulmonary function both during rest and exercise in
these apparently healthy centenarians. As the first organ that facilitates the oxygen cascade
from air to cell, the lungs play an important role in the essential physiological process of
oxygen transport and therefore physical capacity. At rest, although ventilation itself was not
different between the young controls and the centenarians, upon closer inspection of the
open circuit calorimetry data, even in this state of relatively low metabolic demand, there
was already a very important distinction between these two groups. Specifically, the dead-
space to tidal volume ratio was significantly elevated in the centenarians, likely explained by
an age-induced increase in lung compliance. Such a conclusion is supported by the
spirometric assessments that revealed a significant reduction in FEV1, FVC, and the ratio of
these two variables in the centenarians compared to the young controls. The practical
consequence of this pulmonary dysfunction was that even at rest there was a clear alveolar
to arterial (A-a) O2 gradient in the centenarians that was not evident in the young controls.

Upon the commencement of exercise, the A-a gradient in the Centenarians was dramatically
increased and grew with exercise intensity (Fig. 2B). Based upon both the exercise-induced
hypoxemia literature [45] and evidence that direct hypoxia itself [46] can severely impact
exercise performance, although admittedly not performed in people of this age, there is little
doubt that this large A-a gradient had a negative impact on the maximum work rate achieved
during cycle exercise in the centenarians. Although of greater magnitude, which may be
explained by the ~25 year age difference between the centenarians studied in the current
research and the subjects who were considered old in previous work, these findings are in
agreement with recognized decrements in lung function during exercise with advancing age
[47].

It is also interesting to note that, in this same maximal exercise study in healthy centenarians
by our group [44], VO2 peak and maximal handgrip strength, both recognized as strong
predictors of health and independence in older adults [20,48], were well correlated. In
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agreement with these observations, a significant relationship between maximal handgrip
strength, cognitive function, and independence was recorded in a European study of 476
centenarians [49]. These correlations underline the potential use of both handgrip strength
and whole body maximal testing as good predictors of successful ageing in this longevous
population, with the former approach being less complex and with reduced risk.

5. Multi-factorial influences on physical function and human longevity
Ageing is a gradual biological process from the cellular to the systemic level and is
generally characterized by continuous, progressive modifications over one’s lifespan. This
process can be partially considered a series of inevitable, regressive physiological
phenomenon [1,3], like reduced lung function, decreased maximal oxygen uptake and
maximal strength, increased body mass and body mass index, intensified sarcopenia and the
alteration of muscle phenotype. However, other age-related factors such as orthopedic issues
and cognitive deterioration affect human physical function and therefore contribute to the
longevity of centenarians (Fig. 3). All of these phenomenon can worsen the frailty threshold
of the older population with the consequential loss of adaptability, which is essential for
successful ageing [8]. Therefore, ageing can be considered a ‘network’ characterized by
genetic and physiological factors. In Fig. 3 these contributing factors to successful or
unsuccessful aging are acknowledged and the possible role of altered skeletal muscle
efficiency, and subsequent capacity to maintain a reasonable level of physical activity,
recognized recently by our group [44], is highlighted.

6. Conclusions
Progressive reductions in lung function, maximal oxygen uptake, maximal strength, and
sarcopenia, are just some examples of the multi-factorial decline in physical function that is
typically associated with ageing. Although other age-related factors that may be more
difficult to target with exercise such orthopedic issues and cognitive deterioration do play a
significant role, the scientific literature underlines the positive effects of exercise on the
physical capacity and longevity of extremely old people such as centenarians. Recognizing
the strong relationship between ageing, exercise capacity, and independence, understanding
the physiological basis of this multi-factorial decline has important practical significance in
terms of identifying methods by which an independent lifestyle can be maintained.
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Fig 1.
Independence and cognitive function (CF) of centenarians. Data are presented as mean ±
SD. The average level of independence (Panel A) was calculated by taking into account the
ADL scale from 6 epidemiological studies (3341 centenarians). The mean level of cognitive
function (Panel B) was calculated from the cognitive scores reported in 3 epidemiological
studies (1150 subjects). MCI, mild cognitive impairment.
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Fig 2.
Oxygen uptake at rest and during incremental cycle exercise to maximal effort in
centenarians and sub-maximal effort in young controls (Panel A). Alveolar to arterial
oxygen partial pressure gradient at rest and during incremental exercise to maximal effort in
both centenarians and young controls (Panel B). Data expressed as mean ± SD. §,
significantly reduced in the centenarians at rest. *, significantly reduced in the centenarians
during exercise. ⌘, significantly elevated in the centenarians at rest. #, significantly elevated
in the centenarians during exercise.
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Fig 3.
Schematic pathway of the multi-factorial influences on longevity, and the potential role of
altered exercise efficiency in this process.
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